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We describe a method to screen pools of DNA from multiple
transposon lines for insertions in many genes simultaneously. We
use thermal asymmetric interlaced–PCR, a hemispecific PCR ampli-
fication protocol that combines nested, insertion-specific primers
with degenerate primers, to amplify DNA flanking the trans-
posons. In reconstruction experiments with previously character-
ized Arabidopsis lines carrying insertions of the maize Dissociation
(Ds) transposon, we show that fluorescently labeled, transposon-
flanking fragments overlapping ORFs hybridize to cognate ex-
pressed sequence tags (ESTs) on a DNA microarray. We further
show that insertions can be detected in DNA pools from as many
as 100 plants representing different transposon lines and that all
of the tested, transposon-disrupted genes whose flanking frag-
ments can be amplified individually also can be detected when
amplified from the pool. The ability of a transposon-flanking
fragment to hybridize declines rapidly with decreasing homology
to the spotted DNA fragment, so that only ESTs with >90%
homology to the transposon-disrupted gene exhibit significant
cross-hybridization. Because thermal asymmetric interlaced–PCR
fragments tend to be short, use of the present method favors
recovery of insertions in and near genes. We apply the technique
to screening pools of new Ds lines using cDNA microarrays con-
taining ESTs for '1,000 stress-induced and -repressed Arabidopsis
genes.

The rapid expansion of genome sequence information has
created a demand for high-throughput techniques in func-

tional genomics. Phenotypic information about gene function
often is sought through the analysis of loss- or gain-of-function
mutations resulting from DNA insertions (1–16). Transposons,
reporter cassettes, gene traps, promoter traps, and Agrobacte-
rium T-DNAs all have been used as insertional mutagens in
different organisms (1, 2, 5, 6, 17–19). However, the identifica-
tion of insertion sites remains a rate-limiting methodological
challenge in insertional mutagenesis.

DNA sequences flanking insertions have been recovered by
plasmid rescue (6) or amplified by several hemispecific PCR
methods, such as inverse PCR (20, 21), adapter-ligation PCR
(22), vectorette PCR (23), or thermal asymmetric interlaced–
PCR (TAIL-PCR) (24, 25). Although laborious and expensive,
sequencing of cloned or PCR-amplified flanking fragments
unequivocally identifies insertion sites, and databases of inser-
tion-site sequences have been established for mouse embryonic
stem cells and Arabidopsis (12, 26–27, †). More commonly,
insertions are identified by PCR-screening pools of DNA from
many insertion lines with gene- and insertion-specific primers
(29–33). Variations recently have been described for amplifying
and arraying insertion-flanking fragments for screening with
gene-specific probes (27, 34). However, all of these methods
suffer from the limitation that they permit screening for inser-
tions in only one or a small number of genes at a time (27, 29–35).

The utility of insertional libraries would be enhanced substan-
tially by the ability to screen pools comprising many lines for
insertions in many genes at once. In the present work, we
describe a PCR-based method of screening pools of DNA for
insertions in many genes simultaneously using cDNA microar-
rays. We have used Arabidopsis lines containing maize Dissoci-

ation (Ds) transposons inserted at various locations within and
near ORFs to develop the method, and we have investigated its
application to detecting insertions in Arabidopsis genes induced
and repressed by biotic and abiotic stresses.

Materials and Methods
Transposon Lines. We used 12 previously characterized Arabidop-
sis lines containing maize Ds insertions. Transposon-flanking
sequences in these lines previously had been analyzed by TAIL-
PCR amplification and sequencing,† permitting the identifica-
tion of expressed sequence tags (ESTs) for ORFs at or near the
site of insertion. Additional, uncharacterized Ds insertion lines
were chosen at random. In reconstruction experiments, equal
volumes of DNA from plants of different lines were mixed
together at a concentration of about 100 ngyml and used as
template for TAIL-PCR amplification (24). To construct pools
of Ds insertion lines with uncharacterized insertion sites for
screening, DNA was isolated (Qiagen DNA isolation kit; Qia-
gen, Chatsworth, CA) from groups of 20 plants, each identified
by preliminary screening as containing the transposon and an
empty donor site.† Equal volumes of DNA from five 20-plant
subpools were mixed together to generate 100-plant DNA
pools. Approximately 100 ng of DNA was used for TAIL-PCR
amplification.

Primers and PCR-Amplification Conditions. The nested, transposon-
specific primers were: Ds591, GCCTTTGCCCTATATGTTTT-
GCC; Ds592, GGCATGGCTGGCAATAGCATATTGGC;
Ds392, CCCGACCGGATCGTATCGGTTTTCGAT; and
Ds393, CGTTTCCGTCCCGCAAGTTAAATATG. The arbi-
trary degenerate (AD) primers used for TAIL-PCR were: AD7,
NTCGASTWTSGWGTT, and AD8, NGTCGASWGANAW-
GAA. Additional gene-specific primers were 18–25 mers with a
minimum GC content of 50% and average Tm of 60°C.

The thermal profile for PCR amplification of Arabidopsis
genomic DNA was as follows: initial denaturation at 94°C for 3
min, followed by 30 cycles of 94°C for 30 sec, 60°C for 1 min, 72°C
for 2 min, and ending with a final extension at 72°C for 7 min.
The PCR mixture (50 ml) contained 20 ng of DNA, appropriate
gene-specific primer pairs (1 mM each), 13 PCR buffer, 2 units
of RedTaq (Sigma), and 0.5 mM dNTPs.

The primary TAIL-PCR contained 13 PCR buffer supplied
by CLONTECH, 0.2 mM dNTPs, 0.5 mM Ds591 primer, 2 mM
AD7 primer or 4 mM AD8 primer, and 1 unit of AdvanTaq
(CLONTECH), and the final volume was adjusted to 50 ml with
distilled water. AD primers with less than 128-fold degeneracy
were used because they were more efficient than 256-fold
degenerate primers (unpublished results). The thermal profile
for primary TAIL-PCR was as described in ref. 36. To accom-
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modate the dilution resulting from the pooling of DNA, the
original procedure was modified by using 2.5 ml of the undiluted
primary reaction as template for the secondary PCR amplifica-
tion using the same AD primer and a second, nested Ds-specific
primer. The secondary PCR consisted of 13 PCR buffer, 1 unit
of AdvanTaq, the appropriate primers, 0.2 mM dATP, 0.2 mM
dTTP, 0.2 mM dGTP, 0.125 mM dCTP, and 0.5 ml of Cy3-dCTP.
The thermal profile for the secondary TAIL-PCR was as de-
scribed in ref. 36. PCR-amplification products were doubly
labeled with 0.5 mM Cy5-labeled Ds592 primer, 0.5 mM gene-
specific primer, 13 PCR buffer, 1 unit of AdvanTaq, 0.2 mM
dATP, 0.2 mM dTTP, 0.2 mM dGTP, 0.125 mM dCTP, and 0.5
ml of Cy3-dCTP. In some experiments, the fluorescent tags were
reversed. The thermal profile for PCR amplification was that
described above for the gene-specific amplifications.

For identifying individual Ds lines, PCR was carried out with
0.2 mM EST-homologous primers for each strand, 0.2 mM Ds393
or Ds593 primer, 13 PCR buffer, 1 unit of AdvanTaq, and 0.2
mM dNTPs. The template was pooled DNA from 100 Ds
insertion lines and five subpools of 20 lines each. Plants repre-
senting the 20 individual lines comprising the subpool containing
the insertion were arranged in five columns and four rows. Leaf
samples were pooled from each row and column, and DNA was
isolated from these row and column pools to reduce the number
of DNA isolations for PCR analyses. The PCR-amplification
conditions were as described above.

Microarray Preparation. ESTs selected from an Arabidopsis EST
collection purchased from the Arabidopsis Biological Resource
Center (ABRC; Ohio State University) were PCR-amplified
from bacterial cultures by using the M13 forward and reverse
primers. Fragments of selected genes were amplified from
genomic DNA by using gene-specific primers. The amplified
ESTs and PCR products were purified by using the Qiagen PCR
purification kit. Purified products were evaporated to dryness,
and DNA was resuspended in 33 SSC (pH 9.0) at a final
concentration of 0.5 mgyml and transferred to a 384-well plate
(CostaryCorning). The spots were arrayed in duplicate on
silanized slides by using a computer-controlled arraying robot
with print pins purchased from Telechem International (Sunny-
vale, CA). To detect insertions in many genes simultaneously, we
used a cDNA microarray containing '1,200 newly isolated ESTs
representing about 1,000 Arabidopsis genes induced by biotic and
abiotic stresses (R.M., R. Raina, N. Eckardt, and N.F., unpub-
lished results). A detailed protocol for the slide preparation and
processing method is available at http:yysgio2.biotec.psu.eduy.

Hybridization. Excess nucleotides and primers were removed from
TAIL-PCR-amplification products (probe) by using a Qiagen
PCR purification kit. The probe was evaporated to dryness in a
dark-colored Eppendorf tube, resuspended in 7.5 ml of form-
amidey3.75 ml of 203 SSCy0.75 ml of 2% SDSy1.5 ml of salmon
sperm DNAy1.5 ml of 503 Denhardt’s solution, denatured in
boiling water for 5 min, spun briefly to collect the contents, and
applied immediately to a DNA array slide. Slides were covered
with a precleaned lifter slip (Erie Scientific Company, Ports-
mouth, NH) and placed in a hybridization cassette with 15 ml of
distilled water in each chamber to maintain humidity. The
cassette was sealed and placed in a water bath at 42°C for 16–18
h. The slides were rinsed at room temperature in 23 SSC and
0.2% SDS for 3 min, followed by a 2-min rinse in 13 SSC, 1 min
in 0.23 SSC, and, finally, a 15-sec rinse in 0.053 SSC. The slides
were spun-dried and scanned immediately in an Axon scanner
(Axon Instruments, Foster City, CA).

Sequencing. All ESTs and PCR-amplified fragments on the
microarray and PCR-amplified fragments from the confirmatory
tests were sequenced using an ABI Prism Dye terminator cycle

sequencing kit (Applied Biosystems) with a T7 primer, a gene-
specific primer, or the appropriate Ds primer. The sequences
were verified using WU-BLAST2 searches from the Arabidopsis
database (http:yywww.arabidopsis.orgysearchy).

Results
Using cDNA Microarrays to Detect Insertions in and near Genes: The
Principle. The approach described here is conceptually straight-
forward: sequences flanking DNA insertions are amplified pref-
erentially by a hemispecific PCR method and hybridized to a
cDNA microarray. Flanking fragments that overlap genes rep-
resented on the microarray will hybridize to their respective
cDNAs, thereby identifying genes containing insertion muta-
tions in or near them. The technical challenges are substantial.
First, the method must be readily scaleable for use on pools of
DNA from many insertion lines. Second, it must be able to detect
most or all of the insertions present in the pool. Third, the
method must be capable of discriminating among closely related
sequences. And fourth, it would be advantageous if the method
were able to discriminate between insertions in or very near
coding sequences and distant insertions.

To explore these technical challenges, we used previously
characterized Arabidopsis lines containing maize Ds transposon
insertions in and near ORFs for which we could identify similar
and identical ESTs (5, 37, †). We used the TAIL-PCR procedure
developed by Liu and Whittier (25) to amplify sequences adja-
cent to the transposons because of its simplicity. TAIL-PCR can
be applied directly to genomic DNA without additional manip-
ulations, such as the restriction and ligation steps involved in
other hemispecific amplification techniques (20, 21). We ampli-
fied Ds-f lanking sequences by using a set of nested, long,
transposon-specific primers and a short, arbitrary, degenerate
primer that can prime at many sites in the genome (25). The
interspersed high and low annealing temperatures, combined
with the use of nested, insertion-specific primers in sequential
amplification steps, as illustrated in Fig. 1, results in the pref-
erential amplification of the insertion-flanking sequences.

Detecting Insertions by cDNA Microarray Hybridization. To deter-
mine whether DNA microarrays could be used to detect inser-
tions in DNA pools, we mixed equal amounts of DNA from three
previously characterized Ds lines with DNA from additional
uncharacterized Ds lines to yield pools of 20, 40, 100, 200, and
400 lines. Two lines (201–57, 201–132) had Ds insertions in
ORFs, and a third (201–16) had a Ds insertion 387 bp down-
stream from the nearest ORF.† Transposon-flanking sequences

Fig. 1. A diagrammatic representation of TAIL-PCR amplification (25).
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were TAIL-PCR-amplified in the presence of Cy3-dCTP by
using template DNA both from individual lines and from pools.
The labeled fragments were hybridized to DNA microarrays
containing PCR-amplified ESTs corresponding to the disrupted
or nearest ORF in the test lines. Transposon-flanking fragments
of all three lines hybridized to the arrayed ESTs (Fig. 2). The
fluorescence intensity declined with increasing pool size, but
remained easily detectable in pools of 100 or fewer lines. We
therefore used 100-line pools in subsequent experiments.

False Positives, False Negatives, and Cross-Hybridization. To assess
the specificity of hybridization and the efficiency of identifying
insertions by microarray hybridization, we used a larger set of 12
previously characterized Arabidopsis lines with Ds insertions in
and near ORFs for which we could identify similar and identical
ESTs.† The insertion lines, the position of each insertion, the
EST accession number, the homology of the EST to the sequence
flanking the insertion, and the degenerate primer (AD) previ-
ously used for its amplification† are shown in Table 1. The listed
ESTs and 33 additional ESTs with no homology to any of the
flanking sequences were PCR-amplified and arrayed on a glass
slide (Materials and Methods). DNA was isolated from plants
containing the insertions, pooled with DNA from additional
uncharacterized Ds lines, and subjected to TAIL-PCR
amplification.

Initially, we used Cy3-dCTP to label the PCR-amplification
products internally in a secondary TAIL-PCR. We observed a
large number of false positives under these conditions, suggest-
ing cross-hybridization from fragments amplified by the degen-
erate primers. When a Cy5-labeled, transposon-specific primer
was used, fewer false positives were detected, but the signal
intensity was substantially lower, because each fragment con-
tains only a single labeled moiety. In the reconstruction exper-
iments described below, we used both Cy3-dCTP and a Cy5-
labeled, transposon-specific primer in the secondary TAIL-PCR
to take advantage of the higher signal intensity of the internal
label while using the terminal label to eliminate false positives.
Fig. 3 shows superimposed false-color images obtained by scan-
ning the microarrays at the emission peak of each fluorescent
dye. The red and green spots are false positives resulting
primarily from hybridization of fragments labeled internally.
Yellow represents hybridization of both terminally and internally
labeled fragments and is observed for the known Ds lines. We
expected to detect seven insertions with the Ds59 and AD7
primer combination and three with the Ds59 and AD8 primer
combination. All of the expected insertions were detected (Fig.
3 a and b). Insertion lines 201–8 and 204–109 were used as

negative controls because these lines do not amplify with the
primer combinations used. False positives are detected primarily
by the hybridization of internally labeled fragments. The inten-
sity of labeling varies considerably from spot to spot. This is not
surprising, because both fragment length and the extent of
overlap with the ORF vary among TAIL-PCR-amplified frag-
ments. Nonetheless, all of the flanking sequences in the test set
of Ds insertion lines that previously had been amplified success-
fully from DNA of individual plants with AD primers 7 and 8
were detected in DNA pools prepared from 100 plants.

The present detection technique must be capable of discrim-
inating among closely related sequences. We assessed the strin-
gency of the hybridization conditions by using two previously
characterized Ds lines, 326–8 and 301–7, which have insertions
in the ORFs of a cytochrome P450 gene (AL161541) and a gene
encoding a subtilisin-like serine protease (AB016885), respec-
tively. A fragment flanking each insertion was sequenced and
used to identify homologs. Gene-specific primer pairs were used
to amplify each of the homologs from genomic DNA for
microarray spotting. DNA from Ds lines 326–8 and 301–7 was
TAIL-PCR-amplified using the Ds59 and AD7 primers. The
fragments were labeled internally with Cy3-dCTP and used to
probe the array. The hybridization intensity declined rapidly with
homology for both genes (Fig. 4a). Significant cross-
hybridization was detected only for sequences that show more
than 90% identity with the disrupted gene. These results reveal
that cross-hybridization is likely to be a problem only for the very
closest homologs.

Identifying Insertions in ORFs. To determine whether the hybrid-
ization intensity can provide information about the position of
the insertion with respect to the coding sequence, we assessed
the hybridization of Ds-flanking fragments from lines containing
insertions 24, 48, 259, 387, 473, and 576 bp from the nearest
ORF. Approximately 500 bp of the corresponding ORFs were
amplified and spotted on the array. Terminally and internally
labeled Ds-f lanking fragments amplified by using Ds- and gene-

Fig. 2. DNA microarray for detection of insertions. Ds-flanking fragments
were PCR-amplified in the presence of Cy3-dCTP and template DNA from
single plants and pools of different sizes and then hybridized to a DNA array
containing ESTs for the disrupted or nearby ORFs. In line 201–16 (Œ), the Ds is
387 bp downstream of the ORF, whereas those in lines 201–132 (F) and 201–57
(■) are in the ORFs (Table 1).

Table 1. Characterized Ds insertion lines

Ds line Insertion position* EST %† Primers‡

1 201-16 387 bp dws 219H4T7 100 59, 7
2 201-57 ORF 154I3T7 100 59, 7

154I3T7 100 39, 7
3 201-132 39 UTR 142P24T7 100 59, 7

142P24T7 100 39, 7
4 311-39 55 bp dws 163K16T7 100 59, 8
5 201-47 ORF 103K11T7 100 59, 7
6 311-108 239 bp ups 90H7T7 100 59, 8
7 326-8 ORF 98F3T7 100 59, 7
8 201-146 95 bp ups 104E2T7 98 59, 7
9 379-25 ORF 114L10T7 92 59, 7

10 301-7 ORF PCR frag§ 100 59, 8
PCR frag 86 59, 8

11 201-8 ORF PCR frag 100 39, 4
164D22T7 70

12 204-109 129 bp ups 163JI7T7 98 59, 2
86D9T7 71

UTR, untranslated region; dws, downstream from ORF; ups, upstream of
ORF.
*The site of Ds insertion was determined by sequencing TAIL-PCR-amplified
flanking fragments (28).

†Percent nucleotide sequence identity between the EST and the ORF in or near
which the Ds is inserted.

‡Ds (59 or 39 end of transposon) primers and AD primers used for TAIL-PCR.
§PCR fragments amplified from wild-type genomic DNA by using ORF-specific
primers.
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specific primers were pooled and hybridized to the microarray.
Because there is a single Cy5-labeled primer per fragment, and
the amount of Cy3-dCTP incorporated depends on the length of
the fragment, the Cy5yCy3 ratio should vary with the distance of

the insertion from the ORF. As evident in Fig. 4b, the ratio of
terminal to internal label decreases with increasing distance of
the insertion from the ORF. Because TAIL-PCR-amplified
fragments are heterogeneous in length, they will not exhibit the
precise relationship between fragment length and the Cy5yCy3
ratio observed in the foregoing reconstruction experiment.
Nonetheless, Cy5yCy3 ratios obtained in experiments with
TAIL-PCR-amplified fragments flanking ORFs are higher for
insertions in ORFs than for insertions at some distance from
them. Thus, for the genes with identical ESTs in Table 1, the
ratios for insertions in ORFs were between 0.6 and 1.3, whereas
the ratios for the two insertions several hundred base pairs away
from the respective ORFs were 0.1 or less (Fig. 4b).

Another approach to the identification of insertions within
ORFs is the detection of hybridizing fragments extending from
both ends of the transposon, because the flanking fragment on
only one side of a transposon inserted outside of an ORF has the
potential of extending into the ORF. Fig. 3c shows the results of
hybridizing TAIL-PCR fragments amplified using primers for
the 39 end of Ds and primer AD7. Two of the five insertions in
ORFs were detected by hybridization of TAIL-PCR fragments
extended from both ends of the Ds insertion.

Screening Many Genes for Insertions Using DNA Pools. We tested four
pools of 100 uncharacterized Ds lines for insertions in or near the
'1,000 genes represented in our 1,200-element array of stress-
induced ESTs (see Materials and Methods). DNA from one or
two lines used in the previous reconstruction experiment was
added to each pool, and the corresponding ESTs were added to
the array. The four pools were subjected to TAIL-PCR using the
Ds59 primers and one of the AD primers. The labeled products
were hybridized to the 1,200-EST ‘‘stress’’ array. DNA pool 4
amplified with a labeled Ds59 primer and the AD7 primer gave
a positive signal for a clone encoding the Zat7 gene, a zinc finger
transcription factor (Fig. 5a). The positive control line in this
pool is Ds 201–16 (Table 1) and contains an insertion 387 bp
downstream of a gene encoding a germin-like protein, GLP4
(219H4T7). Strong hybridization was detected for two clones in
DNA pool 2 using 59 Ds primers and the AD8 degenerate primer
(Fig. 5). The sequences of the two clones are identical to the
sequence of a glucose transporter gene (STP1). The positive
control line in this pool, Ds 311–39, has a Ds insertion 55 bp
downstream of a SWIySNF gene (EST 163K16T7). A few
additional ESTs hybridized on both microarrays, albeit less
strongly. These failed to amplify with gene- and Ds-specific
primers, indicating that they resulted from cross-hybridization to

Fig. 3. Detecting all of the insertions in a DNA pool. Ds-flanking fragments
were TAIL-PCR-amplified from a 100-line DNA pool that included 12 previ-
ously characterized Ds lines (Table 1) and hybridized to a microarray contain-
ing amplified ESTs for the ORFs in or near the known insertion sites, as well as
33 randomly selected ESTs. (a) Fragments labeled with Cy3-Ds592 primer and
Cy5-dCTP. (b) Cy5-Ds592 primer and Cy3-dCTP. (c) Cy5-Ds393 primer and Cy3-
dCTP. Slides were scanned at the emission peak of each dye, and false-color
overlays of the scans are shown. Red and green spots result from hybridization
of one label (false positives); yellow spots represent hybridization of both
terminally and internally labeled fragments. The pair of green spots at the
upper left of each array is a Cy3-labeled, DNA-retention control.

Fig. 4. (a) Cross-hybridization between Ds-flanking sequences and homologs. DNA fragments of genes with decreasing homology to the genes disrupted in
lines 326–8 (cytochrome p450, r) and 301–7 (subtilisin-type protease, F) were spotted and hybridized to end-labeled PCR fragments amplified from genomic
DNA of the two lines. (b) Detecting insertions inside and outside ORFs. Ds-flanking fragments were amplified and both terminally and internally labeled from
lines with insertions 24, 48, 259, 387, 473, and 576 bp from the ORF by using Ds- and gene-specific primers (r) or Ds-specific and degenerate primers under
TAIL-PCR conditions (F).
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sequences with low homology to Ds-f lanking fragments in the
pool.

Identifying Individual Insertions. To confirm the presence of an
insertion in a gene and determine its location, we used gene-
specific primers complementary to both strands of the cDNA
encoding the gene believed to be disrupted, together with the Ds
primers. Fragments were amplified by using template DNA from
the 100-line pool and five subpools comprising DNA from 20
lines. As shown in Fig. 6 for the Ds insertion in the STP1 gene
(Fig. 5b), fragments of the same size were amplified from the
100-line pool and one of the 20-line subpools. The individual
plant containing the insertion was identified by using further
column and row pools prepared from individual plants in the
20-line subpool. The identity of the amplified fragment was
established unequivocally by reamplifying and sequencing the
fragment, revealing that Ds had inserted into an exon of the
STP1 gene. By the same procedure, the insertion identified by
hybridization of a Ds-f lanking fragment to the Zat7 clone was
found to have a Ds insertion 77 bp downstream of the Zat12 gene,
a close homolog of Zat7 with regions of nucleotide sequence
identity exceeding 95%.

Discussion
We have described a method that can be used to detect DNA
insertions in many genes simultaneously. We have modified

TAIL-PCR (24, 38), a simple, hemispecific PCR-amplification
method, for the amplification of DNA pools extracted from sets
of many individual Arabidopsis lines with Ds transposon inser-
tions. We showed that under the conditions used, microarray
hybridization of TAIL-PCR-amplified fragments can detect
individual Ds insertion lines in a DNA pool comprising as many
as 100 lines. Moreover, we showed that all of the transposon-
flanking sequences that can be identified by a given transposon-
specific and degenerate primer pair using DNA from a single line
also can be detected using a 100-line DNA pool as template.
Because 80–90% of flanking sequences can be amplified using
the AD7 and AD8 degenerate primers in combination with a
nested primer set for the 59end of the Ds transposon (unpub-
lished data), combining TAIL-PCR amplification with microar-
ray hybridization has the potential to detect most of the gene-
proximal insertions in a large pool of DNAs.

Not unexpectedly, the hybridization intensity detected by
microarray hybridization varies substantially among the insertion
lines tested. Disparities can arise by differential amplification or
labeling of fragments, but they also may be caused by cross-
hybridization of related sequences. To systematically analyze the
effect of fragment length and homology and to identify false
positives generated by spurious amplification of fragments, we
used two different fluorophores to label amplified fragments
both terminally and internally. Both the specific and the degen-
erate primers can amplify fragments during the low-temperature
amplification cycles of TAIL-PCR (24, 38). But, because only the
degenerate primer is the same in both the primary and secondary
amplifications, it is likely to make the greatest contribution to
generating nonspecific fragments. Consonant with this reason-
ing, we observed substantially more spurious hybridization of
internally than of the terminally labeled fragments. By contrast,
both internally and terminally labeled fragments hybridize to the
ESTs at or near Ds insertion sites.

The use of both terminal and internal labels also provides
information about the position of the insertion relative to the
nearest ORF. The greater the distance of the insertion from the
gene, the longer the fragment must be to hybridize to the cDNA
on the microarray. This is reflected in the decreasing ratio of
terminal to the internal label observed with increasing distance
of the insertion site from the ORF (Fig. 3b). Because TAIL-
PCR-amplified fragments tend to be short (0.4–1 kb), the
present method inherently favors detection of insertions in and
very near ORFs, where they are most likely to disrupt gene
function. Fragments flanking insertions within exons will hy-
bridize to the corresponding cDNA even if short. Moreover,

Fig. 5. Screening for insertions in many different genes. DNA pools prepared
from 100 uncharacterized Ds lines were TAIL-PCR-amplified in the presence of
Cy3-Ds592 primer and degenerate primer AD7 (a) or AD8 (b) and hybridized to
a 1,200-EST Arabidopsis ‘‘stress’’ gene microarray (see Materials and
Methods).

Fig. 6. Identifying the individual Ds line. DNA fragments were PCR-amplified
by using EST- and Ds-specific primers from DNA extracted from the 100-line
pool (lane 1), 20-line pool containing the insertion (lane 2), column pools
(lanes 3–7), and row pools (lanes 8–11) of leaves from individual plants. The
amplified fragments were separated on an agarose gel.
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because Arabidopsis introns are generally short (39), even frag-
ments flanking intron insertions are likely to hybridize.

In principle, it should be possible to identify insertions within
ORFs uniquely by the ability of insertion-flanking fragments
extending from both ends of the Ds to hybridize to the same EST.
In practice, the combinations of Ds39 and AD primers we have
used so far amplify fewer Ds-specific fragments than Ds59 and
AD primer combinations (Fig. 3). This may be improved by
further optimizing the Ds39 primers. However, the observation
that Ds insertions cluster around the translational start site
(26, †), combined with the fact that TAIL-PCR-amplified frag-
ments tend to be short, already favors recovery of Ds insertions
either in ORFs or sufficiently near them to affect gene activity.

We screened four pools of 100 previously uncharacterized Ds
insertion lines and identified two new insertions by using a set of
1,200 short ESTs representing about 1,000 stress-induced and
-repressed Arabidopsis genes. As we have reported previously,
some of the Arabidopsis lines in which Ds excision has occurred
do not contain a reinserted element, either by virtue of its genetic
segregation from the empty donor site or because the transposon
failed to reinsert (37, †). Because such lines were not eliminated
from the collection used here, we estimate that the 400 lines
represent '200 new insertions. In addition, almost all of the
clones on the stress microarray represent RsaI-restricted cDNA
fragments ranging in size from 100–500 bp. Such cDNA frag-
ments are likely to detect only some of the insertions in and near
the corresponding genes. Moreover, as noted above, the present
method is likely to favor identification of insertions in or very
near genes, and a single Ds59 and AD primer combination
usually amplifies 60–70% of transposon-flanking sequences
(unpublished data). Considering that Arabidopsis contains

'26,000 genes (28), the recovery of two new insertions in the
present subset of genes is roughly what might be expected.
Additional improvements in detecting all insertions present in a
given pool may be achieved by optimizing primer combinations,
pooling fragments TAIL-PCR-amplified with different primer
combinations, and using longer cDNAs.

The method we have devised is generalizable to any DNA
insertional mutagen in any organism and is significantly more
efficient than current methods, all of which involve repeated
gene-by-gene screening of either pooled DNAs from insertion
lines or PCR-amplified, insertion-flanking fragments (20–35). It
can be used as easily with large microarrays containing the entire
complement of ESTs available for a given organism as with
smaller customized microarrays containing cDNAs from a par-
ticular organ or tissue, activated by a particular environmental
stimulus, or encoding enzymes in a restricted set of metabolic
pathways. The number of insertion lines that can be screened
simultaneously can be increased further over the number used
here either by improving the TAIL-PCR-amplification protocol
or by the simple expedient of combining labeled fragments
amplified from several pools for simultaneous hybridization. The
elegance of the strategy lies in the fact that the screening need
be done only once with each DNA pool to identify all of the
insertions. A database of such hybridization results would make
it possible for multiple investigators to identify pools containing
insertions in genes of interest without additional screening.
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